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SPACECRAFT DISPERSION ANALYSIS FOR APOLLO 6 (A-2 OR AS-502/CSM-020)
By John T. Parker
SUMMARY

This document presents the results of deviations and uncertainties
for the Apcllo 6 (A-2 or AS-502/CSM-020) final spacecraft dispersion
analysis. These dispersions were achieved by propagating each error
source from lift-off through the complete mission to 23 500-ft altitude.

The combined root-sum-squared (RSS) 30 spacecraft deviations at
entry interface are as follows:

Time, sec. « . « « « . . e e e e+ 4 . . . %125.0
Inertial velocity, fps . . . « v v & v v . . 129.1
Inertial flight-path angle, deg. . . . . . . +0.562
Inertial azimuth, deg . . . . . . . . . . . *0.767
Geodetic latitude, deg . . . . . « « . . . . t0.324
Longitude, deg . . . v v v v ¢ « v v v . .. +1.2k4k
Altitude, £t . . . « « ¢ ¢ o o oo oo .., *0.0

The combined RSS 3¢ spacecraft uncertainties at entry interface
are as follows:

Time, seC. « v v v v ¢ v v e e e e e e e 0.0

Inertial velocity, fps « « « « « ¢« « « + . . tg9.,072
Inertial flight-path angle, deg. . . . . . . +0.182
Inertial azimuth, deg . . . . « . . . . . . +0.1ko

Geodetic latitude, deg . « . « . . + . . . . +0.103




(9]

Longitude, dege « o « « v « o & « + 4+« o o . . *0.33h4

Altitude, FLe « v o « o o o 4+ e 4 e o . o . . *6109.0

The RSS 30 deviations from the nominal peak heating rate, the total
heat load, and the maximum load factor are:

First maximum heating rate, Btu/ft2/sec. - . . . . *121.93
Second maximum heating rate, Btu/ftZ/sec « . . . . *12.12
Total heat load, Btu/ft2 « « « « « « « « « « . . £3853.00
First maximum load factor, g « « « « « « « « .+ . £2.13
Second maximum load factor, g« « « « « « + « « & +1.96

The RSS 30 uncertainties in the down-range and cross-range errors
which describe the command module (CM) dispersion ellipsoid at 23 500-ft
altitude are:

Down range, N. Mi. « « o o o« « o o« o o o o o o +3.08
Cross range, N. Mi. .« « o « o« o o « o o o o o £51.7h

As the flight-path angle approaches a 30 steep value, the capability
of the CM to reach the target becomes marginal because of the long entry
range and relatively low lift-to-drag ratio (L/D). For example, for a
nominal L/D and a 30 steep flight-path angle, the spacecraft will fall
short of the target by about 80 n. mi. This miss distance can increase
to about 200 n. mi. as the L/D approaches the 30 low value for the
30 steep flight-path angle case. The following Y-gyro bias drift
deviations reflect this nonlinearity.

Up range, n. mi. e e e e e e e e e e e e e 80.

Down range, n. mi. « « - = - « « o o o o o 0 . . 1.07

In conjunction with examining the mission for trajectory dispersions,
an analysis was also made of the service propulsion system (SPS) per-
formance. The results of this analysis indicated a 30 SPS propellant
dispersion of 40O 1b.




INTRODUCTION

The purpose of the Apollo 6 final dispersion analysis is to verify
the feasibility of the operational trajectory (ref. 1) by examining
deviations and uncertainties caused by the major error sources. The
Guidance and Performance Branch of the Mission Planning and Analysis
Division (MPAD) performed the dispersion analysis assuming two state
vector updates for the portion of the mission from lift-off to entry

interface at 400 000-ft altitude. The Lunar Mission Analysis Branch
of MPAD correlated the results at entry interface to 23 500-ft altitude
using the primary entry guidance scheme.

Because of the large quantity of data presented in this analysis
and the varying uses of this type data, no special emphasis was given
to generating partial derivatives for special trajectory or vehicle
parameters. Special assistance may be obtained from the Guidance and
Performance Branch of the MPAD for any further reduction of the data
of this analysis to satisfy individual needs.

The error sources used in this analysis were chosen as a result of
careful examination of all possible sources and experience obtained in
performing various dispersion analyses for Apollo 4 and Apollo 6. The
error sources considered in this report cause nearly 100 percent of the
possible dispersions.

The following analyses are included in this document:

(a) An analysis of the pertinent error sources and the combined
RSS of the resulting dispersions (including deviations and uncertainties)
based on the nominal Apollo 6 trajectory. The results include tables
of pertinent trajectory parameters and the standard deviations of these
parameters at various points in the trajectory. These tables also include
the combined RSS of the dispersions on each of the parameters.

(b) An analysis of the effects of the pertinent error sources on
the entry phase of the mission.

(c) An analysis of the effects of the pertinent error sources on
the SPS propellant dispersions.

This report assumed that two state vector updates were made, as
was previously agreed to by Flight Operations Directorate prior to the
Apollo 4 mission. The resulting analyses and concurrence are given
in references 2 and 3.



Mission Description

The sequence of events and state vectors for the Apollo 6 mission
are presented in table I. Also included for interest is a diagram of

the nominal mission profile (fig. 1). The following describes the
various phases of the mission.

(a) Prelaunch phase - The Apollo 6 mission is to be launched from
the Eastern Test Range, pad A of launch complex 39. The pad azimuth is
90° 12' from true north. Prior to launch, the inertial measuring unit
(IMU) is aligned to a flight azimuth of 72° from true north. Platform
release occurs at lift-off.

(b) Launch phase - The launch phase consists of nominal burns of
the S-I, S-II, and S-IVB vehicles, culminating at injection of the
spacecraft into a high apogee, earth-intersecting ellipse. During this
phase the guidance and navigation (G&N) system monitors vehicle accelera-
tion and, from these, computes an estimated position and velocity. A
ground update of this estimated state vector is assumed to occur at
second ignition of the S-IVB for the injection burn.

(e¢) High-altitude phase - Two guided SPS burns are separated by a
long coast (approximately 6 hours) and followed by a L-minute coast
to entry. First SPS burn ignition occurs approximately 3 minutes after
cutoff of the S-IVB injection burn and is proceded by S-IVB/CSM separation
and an ullage burn. A second state vector update is assumed to occur
approximately 13 minutes prior to the second SPS ignition. At this

point a time of free fall (tff) calculation (i.e., time to 40O 000-ft

altitude) is begun and the "average g'" guidance mode is initiated.

(d) Entry phase - This phase is the portion of the mission from
entry interface 400 000 ft to drogue chute deployment at 23 500 ft.

During this phase one of the primary spacecraft objectives, a test of
the heat shield, will be accomplished.

METHOD OF ANALYSIS

The basic tool for the trajectory simulation was subprogram 32 of
SG-GEM (ref. k4), which was modified to simulate the various spacecraft
systems that were considered in this study by the addition of
mathematical models of the particular systems.

The various error and deviation sources considered in this study
originated from the following:

(a) G&N system errors - Figure 2 illustrates the IMU and the
alignment of the gyros and accelerometers with respect to the platform
axis. The G&N error sources and magnitudes were obtained from reference 5,
and the IMU error model was obtained from reference 6.



(b) S-IVB injection dispersions - The S-IVB injection dispersions
were obtained from reference 7. It is pointed out that this reference,
although indicating approximately the same S-IVB injection dispersions
caused by performance errors as all previous MSFC references, did give
about twice the S-IVB injection dispersions caused by G&N errors in
previous MSFC references. The effect of this was negligible on the
trajectory dispersions but significant on the SPS propellant usage.
However, the overall SPS propellant usage due to all considered
dispersions resulted in about the same magnitude as indicated in the
preliminary spacecraft dispersion analysis for AS-502 (ref. 8) because
the two SPS burns decreased in total burn time, thus lessening the
propellant effects due to accelerometer errors.

(¢) Entry parameter errors - These errors consisted of deviations
in L/D and atmosphere.

Each error source was considered to be independent and to have
Gaussian distribution with a zero mean. All G&N and S-IVB injection
errors were evaluated assuming a perfect state vector update. All errors,
except when noted otherwise, are 3o.

RESULTS

30 SPS Propellant Dispersion

Table II gives the effects of the 30 system errors on the SPS
propellant consumption. The 400-1b flight propellant reserve is
large enough to cover the dispersions.

Table III presents a breakdown of the nominal propellant usage by
the service module. The usable propellant remaining after completion
of the second SPS burn (see refs. 9, 10, and 11) is sufficient to
accommodate dispersions, tolerances, and reserves, and still maintain
an adequate propellant margin.

30 Entry Interface Dispersions

The 30 dispersions on the CM inertial velocity and inertial
flight-path angle at entry are presented in tables IV and V. It can
be seen from table IV that the major contributors to the entry wvelocity
deviations are the Z-accelerometer bias and the Y-gyro drift errors. The
major contributor to the entry inertisl flight-path angle deviation is
the Y-gyro drift.



The RSS 36 deviations of the entry parameters for the independently
applied perturbations are:

Time, SEC « « « + o o o o o o o « o« + « . . *125.0
Inertial velocity, fps. « « « « « + « o .« & +29.1
Inertial flight-path angle, deg . . . . . . +0.562
Inertial azimuth, deg . - « « « « « « + « . +0.767
Altitude .+ o ¢ o 0 0 o o o e 0 e e e e 0.0
Geodetic latitude, deg. . +0.324

Longitude, deg. « « + « o « o o « o o o o . *1.244

The RSS 3¢ uncertainties of the entry parameters for the indepen-
dently applied perturbations are:

Time, SEC ¢« v « o « o o o o o o o o o« & o 0.0

Inertial velocity, fps. . . « « « « « o o . +9.072
Inertial flight-path angle, deg . . . . . . +0.182
Inertial azimuth, deg . . « « + « « « « « . +0.140
Geodetic latitude, deg. . . . .« « « .« . . . +0.103
Longitude, deg. . « + « « « « o « & o« o o . +0.334
Altitude, £ « « « « v v e e e e« .+ . . . ¥6109.0

30 23 500-ft Altitude Dispersions

The contribution of each error source and the combined RSS 3¢ un-
certainties are given in table VI. The values are presented in terms

of final position and velocity in the topocentric reference frame
(i.e., down range, cross range, altitude). The 30 deviations of the
down-range and cross-range positions are:

Down range, n. mi. . . . + + « « + « « o« . +3.08

Cross range, N. Mie o o + o o o o o & o « +51,Th




As seen in table VI, the major contributor to the position un-
certainties are the X and Z-gyro bias drift error. The G&N gyro bias

drift errors are also the major contributors to the component velocity
uncertainties.

From table VII the 30 deviations in up-range, down-range, and
cross-range positions are:

Up range, n. mi. « « « « v « « « « « . . B80.00
Down range, n. mi. . + « « « « « « « . . 2.25
Cross range, n. mi. .+ « « « +« « « « . . ZThl 00

When the inertial flight-path angle approaches a 30 steep value, the
ability of the CM to reach the target becomes marginal. This is because
of the long entry range and relatively low L/D. In the case involving a
nominal L/D and a 30 steep flight-path angle, the CM will fall short of
the target by about 80 n. mi. If, however, the 30 steep flight-path
angle is combined with a 30 low L/D the CM could fall short of the target
by as much as 200 n. mi. In the case involving the 30 low L/D, the CM
can be controlled to the target, within the accuracy of the navigated
position, with as much as a l.lc steep flight-path angle.

The *0.18° uncertainty in entry flight-path angle does not signif-
icantly affect the performance of the reentry guidance. As the:
uncertainty is increased beyond this value the performance of the reentry
guidance is rapidly degraded and miss distances caused by flight-path
angle uncertainties are increased. This is discussed in more detail
in references 12, 13, and 1hL.

30 CM Total Heat and Heating Rate Deviations
For the nominal case, the total heat load is 41 134 Btu/ft?, the
first peak heating rate is 501.70 Btu/ft2/sec, and the second peak
heating rate is 58.75 Btu/ftZ/sec. The 30 RSS deviations {(table VIII)
about the nominal case are:
Total heat load, Btu/ft?. . . . . . . . . . . . #3853,

First maximum heating rate, Btu/ft2/sec . . . . +121.93

Second maximum heating rate, Btu/ft?/sec . . . . $12.12



30 Load Factor Deviations

For the nominal case the first maximum load factor is 5.84 g, and
the second maximum load factor is 3.96 g. The deviations (table VIII)
in the load factor about the nominal case are:

First maximum load factor, S« « ¢ « « o « o « « « . .13
Second maximum load factor, g « + « « « « « « . . . #1.96

The results of this data indicate that the locad factor deviations
will not present an entry problem.

30 G&N System Dispersions

It is evident that G&N system errors are the major contributors
to the dispersions at entry interface and at 23 500-ft altitude.
The greatest concern involving the heat shield test is the inertial
flight-path angle deviation at entry interface (L00 000 ft). The G&N
Y-gyro drift error source accounts for 98 percent of this total deviation.

CONCLUSTIONS
From the results of this study it was concluded that:

1. The SPS propellant reserves required are within the propellant
budget limitations currently planned for the mission.

2. Because of the long entry range and low L/D the ability of the
CM to reach the target becomes marginal as the entry inertial flight-
path angle approaches the 30 steep value. 1In this particular case, the
CM will undershoot the target by about 80 n. mi. However, the heat
shield test objectives will be met provided the CM does not undershoot
the target by more than 100 n. mi. A combination of deviations involving
a 30 steep flight-path angle and 3¢ low L/D can cause the CM to fall
200 n. mi. short of the target. However, this is not a 30 case, and
therefore the possibility of its occurring is very small.

The RSS 30 *0.18° uncertainty in the entry inertial flight-path
angle does not significantly affect the landing accuracy at 23 500 ft.
However, as the uncertainty increases beyond this the performance of
the reentry guidance is rapidly degraded, and the dispersions at
23 500 ft are increased accordingly.
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TABLE II.- EFFECT OF PERTINENT #3c¢ SYSTEM ERRORS

ON SPS PROPELLANT CONSUMPTION

Propellant dispersion

Error source
Oxidizer, 1b| Fuel, 1b

Spacecraft G&N errors

Y-gyro bias drift 85 42

X, Y and Z accelerometer bias 88 Ly

Launch vehicle G&N errors

x& position 1ho 70
Y position 115 58
Z position LL 22
X velocity 130 65
Y velocity 20 10
Z velocity 6U 32
Total required 30 RSS propellant reserve 267 133

aX, Y, and Z corresponds to the earth-centered inertial plumbline
coordinate system.
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TABLE ITI.- SERVICE MODULE PROPELLANT USAGE
Usable propellant loaded, 1b. . . . . . .
Consumed during first burn, 1b. . . . . . .
Remaining after first burn, 1lb.
Consumed during second burn, 1b . . . . .
Remaining after second burn, 1b
Total required 30 propellant margin, 1b
Mixture ratio tolerance, 1b .
Loading tolerance, 1b . . . . . .
Operational reserves, 1lb.

Propellant margin, 1o . . . . . .

32
=17

15

538.
370.
168.
979.
188.
Lo0.
T5h.
164,
328,

543,
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APOGEE
h=11 989 N. MI.
t =6:21:53

FIRST SPS BURN
t. =3:20:16 SECOND RADAR
1gn UPDATE

t=9:08:30

100-N, MI,
INSERTION PARKING ORBIT
t=0:10:56

SECOND SPS BURN

t. =9:21:44
ign
INJECTION BOOST PHASE
t = 3:15:27
ENTRY
SECOND V=36 500 FPS
S-IVB y =-6.50 DEG
BURN —— h=400 000 FT
y t=9:28:09
FIRST RADAR
UPDATE
t=3:10:08

Figure 1.- Apollo 6 mission profile.
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X
LOCAL VERTICAL
1A
1A
SRA
PRA
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Y Z
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OA = OUTPUT AXIS
IA = INPUT AXIS
SRA = SPIN REFERENCE AXIS
PRA = PENDULOUS REFERENCE AXIS

Figure 2. - IMU stable member.
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